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Studies of genetically modified mice have shed someFas(t) Balls and Lou Gehrig Disease:
light on the nature of the defect of SOD1 that results inA Clue to Selective Vulnerability of an ALS phenotype. SOD1 is an antioxidant enzyme that
catalyzes the conversion of superoxide into hydrogenMotor Neurons?
peroxide plus dioxygen. Although some SOD1 mutants
show reduced antioxidant activities, a loss of function
of SOD1 is not sufficient to explain the ALS phenotype
The molecular basis of the selective death of motor because mice in which SOD1 has been deleted do not
neurons in amyotrophic lateral sclerosis (ALS) has develop motor neuron disease. In addition, some of the
been an enigma since its description by Charcot in mutant SOD1 forms retain full or even elevated SOD1
1869 (Cleveland and Rothstein, 2001; Julien, 2001). In activity. A more plausible explanation is that SOD1 muta-
this issue of Neuron, Raoul et al. (2002) demonstrate tions cause cell death though a gain of toxic function,
a motor neuron-specific death pathway which involves a property commonly observed in diseases inherited in
an autosomal dominant pattern like most familial ALS.Fas and NO. Remarkably, motor neurons from mice
Interestingly, SOD1 is expressed in neurons widelycarrying ALS-linked mutant forms of superoxide dis-
throughout the nervous system; why is it that motormutase 1 (SOD1) exhibit an increased sensitivity to
neurons are selectively destroyed in humans and micedeath triggered by Fas but not other insults. These
expressing the mutant SOD1? One possibility is the exis-data suggest new insights into the mechanisms of, and
tence of death pathways unique to these neurons. Alter-potential therapeutic strategies for, death of motor
natively, environmental events unique to motor neuronsneurons in ALS.
(e.g., activity patterns, trophic support available, etc)
may underlie their susceptibility. Some combination ofPremature death of discrete populations of neurons is
the two is yet a third possibility. To investigate deaththe hallmark of neurodegenerative diseases such as Alz-
pathways unique to these neurons, it seems imperativeheimer’s disease (cerebral cortical neurons), Parkin-
to analyze motor neurons themselves rather than someson’s disease (substantia nigra neurons), Huntington’s
cell line or even a mixed neuronal preparation.disease (striatal small neurons), amyotrophic lateral
The exciting report by Raoul and colleagues providessclerosis (motor neurons of spinal cord and brain stem),
a potential answer to the selective vulnerability of motorand others. The cellular and molecular mechanisms un-
neurons in ALS. Using a preparation enriched in motorderlying the selective vulnerability are unknown. Al-
neurons maintained in primary culture, the authors iden-though symptomatic treatments are available in some
tified a novel Fas signaling pathway that requires NOdiseases, mechanism-based therapies to prevent the
for cytotoxicity and appears to be specific to motorselective neurodegeneration are lacking.
neurons. Remarkably, motor neurons isolated from
ALS is the most common motor neuron disease affect-
transgenic mice expressing the ALS mutant genes ex-
ing adults, with an incidence of two to three per 100,000
hibit an increased sensitivity to death triggered by Fas
of the population (Cleveland and Rothstein, 2001). The but not excitotoxicity or loss of trophic support.
disease is hideous in that preservation of cognitive func- Fas (APO-1/CD95) is a cell surface member of the
tion leaves the victim fully aware of the progressive “death receptor” family which includes the tumor necro-
muscle wasting and loss of motor function, culminating sis factor (TNF) receptor and the low-affinity neuro-
in death within 1–5 years of diagnosis. Selective degen- trophin receptor p75NTR. Binding of oligimerized Fas-
eration of subsets of cerebral cortical neurons as well ligand (FasL) to Fas activates apoptotic signaling
as motor neurons in the brain stem and spinal cord through a cytoplasmic domain of Fas, the “death do-
underlie the muscle wasting and paralysis. There are main,” that interacts with several proteins including
three types of ALS: familial, sporadic, and Guamanian FADD and Daxx to activate caspases. The sequential
(which is found in Guam and other Pacific countries). activation of the caspase cascade leads to cleavage
Approximately 10% of ALS cases are familial; mutations and degradation of cytoplasmic structural proteins and
in the gene encoding the cytosolic Cu/Zn form of super- chromosomal DNA, culminating in cell death.
oxide dismutase 1 (SOD1) have been identified in Surprisingly, study of Fas signaling mechanisms in
roughly one fifth of the familial cases and occasional isolated motor neurons revealed that Fas activation
sporadic cases. Identification of more than 90 different leads to increased expression of neuronal NOS (nNOS),
SOD1 mutations in ALS patients together with an ALS- but not other forms of NOS. Fas-triggered death of
like phenotype in transgenic mice expressing distinct motor neurons is abolished by nNOS inhibitors, implying
ALS-linked mutant SOD1 clearly implicate mutations of that production of NO by nNOS is required for the Fas-
the SOD1 gene as the cause for a subset of familial induced cytotoxicity. NO can react with superoxide
cases. How mutations of SOD1 lead to the phenotype anion to form a potent oxidant peroxynitrite, which may
of familial ALS is uncertain. Likewise, the etiology and be toxic to neurons. Indeed, the cell-permeable scaven-
pathogenesis of the majority of sporadic forms of ALS ger of reactive oxygen species, MnTBAP, rescues Fas-
are unknown, but it seems plausible that knowledge of triggered motor neuron death. The levels of nitrotyro-
the genetic cause of the familial forms may provide a sine, a marker of protein nitration by peroxynitrite, also
correlate with Fas-mediated cell death. An inhibitor ofclue to the molecular pathogenesis.
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p38 MAP kinase as well as transfection of motor neurons swered questions. What is the physiological significance
with dominant-negative constructs of either Daxx or of this novel signaling pathway for motor neurons? What
ASK1 inhibited Fas-mediated increases of nNOS ex- is the molecular mechanism underlying the enhanced
pression and death in an NO-rescuable manner, im- sensitivity of motor neurons of ALS mutant SOD1 mice
plicating each of these as critical components of the to Fas-induced death? What is the mechanism by which
molecular cascade coupling Fas to transcriptional acti- NO donors destroy motor neurons isolated from ALS
vation of nNOS and death of the motor neurons. The mutant SOD1 but not WT mice? What is the role of the
fact that NO is necessary for the cytotoxic effects of Fas pathway in in vivo models of motor neuron degener-
Fas, yet alone is not sufficient to destroy motor neurons, ation? In particular, will crossing ALS mutant SOD1 mice
led the authors to query whether the putative Daxx- to mice with mutations limiting the Fas/nNOS pathway
ASK1-p38-NO pathway may be interacting with the ameliorate the ALS phenotype? Notably, motor neurons
classical Fas pathway which involves activation of isolated from mice overexpressing WT SOD1 exhibited
caspase-8 through FADD. Fas activation was found to reduced sensitivity to Fas-induced death in comparison
trigger activation of procaspase-8 evident in cleavage to controls in the in vitro studies here; however, crossing
of the inactive (p43) to the active (p18) form; moreover, transgenic mice overexpressing WT SOD1 to ALS mu-
Fas-triggered death is prevented by a peptide inhibitor tant SOD1 mice did not eliminate the ALS phenotype
of caspase-8, IETD. These two Fas-activated pathways (Bruijn et al., 1998). Whether this paradox is due to differ-
are at least partly independent because the caspase ent levels of SOD1 expression or some other factor re-
inhibitor prevented cell death but not increased expres- mains to be resolved.
sion of nNOS induced by Fas; conversely, the nNOS The identification of a novel death signaling pathway
inhibitor prevented cell death but not the activation of apparently specific to motor neurons provides exciting
caspase-8 induced by Fas. The two pathways may inter- new leads for the molecular pathogenesis of sporadic
act with each other because the p38 inhibitor blocked forms of ALS and suggests new therapeutic ap-
both caspase-8 activation as well as nNOS upregulation. proaches. With respect to the former, Yi et al. (2000)
Together the data suggest that both pathways are acti- reported the presence of putatively agonistic anti-Fas
vated and necessary for death of motor neurons when autoantibodies as well as induction of apoptosis of a
incubated with Fas for 48 hr. Importantly, the Fas/nNOS human neuroblastoma cell line in sera isolated from a
pathway is specific to motor neurons in that Fas did subset of patients with sporadic ALS. With respect to
not increase nNOS expression nor did a NOS inhibitor the latter, increasing evidence implicates caspase-
prevent Fas-induced death of 3T3 cells or thymocytes dependent apoptosis as a mechanism of motor neuron
or embryonic cortical neurons. degeneration in ALS (Kostic et al., 1997; Li et al., 2000;
The identification of a death signaling pathway spe- Yuan and Yankner, 2000; Zhu et al., 2002). Because
cific to motor neurons together with the fact that the apoptosis is also critical to diverse physiological pro-
pathway requires reactive oxygen species led the au- cesses, nonselective anti-apoptotic agents have practi-
thors to query whether motor neurons isolated from cal limitations (Nicholson, 2000). The finding of a cell
transgenic mice expressing ALS mutant SOD1 exhibit type-specific apoptosis pathway provides new molecu-
an enhanced sensitivity to Fas-induced death. Indeed, lar targets by which apoptosis in a specific cell type
the motor neurons isolated from mice expressing the might be selectively modulated without adverse effects
ALS mutant SOD1 exhibited a ten-fold increase of sensi- on other systems.
tivity to Fas-induced cell death in comparison to motor
neurons from WT controls. The increased sensitivity of
motor neurons from the mutant mice is specific to the Zhi-Qi Xiong and James O. McNamara
Fas signaling pathway because motor neurons from WT Department of Medicine (Neurology)
and mutant mice exhibited equivalent sensitivity to exci- Department of Neurobiology
totoxic insults or trophic factor deprivation. Further- Department of Pharmacology and Molecular
more, the increased sensitivity to Fas is specific to motor Cancer Biology
neurons of ALS mutant SOD1 mice because no in- Duke University Medical Center
creased sensitivity to Fas was detected in dorsal root Durham, North Carolina 27710
ganglia sensory or cortical neurons, cerebellar granule
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(1998). Science 281, 1851–1854.selective death of motor neurons in this mutant mouse
Cleveland, D.W., and Rothstein, J.D. (2001). Nat. Rev. Neurosci. 2,model of ALS.
806–819.Additional studies of cytotoxicity of motor neurons
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and Przedborski, S. (1997). Science 277, 559–562.overexpressing WT SOD1 were far less sensitive to Fas-
Li, M., Ona, V.O., Guegan, C., Chen, M., Jackson-Lewis, V., Andrews,induced death in comparison to control mice. Another
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These intriguing new insights raise a series of unan- Raoul, C., Este´vez, A.G., Nishimune, H., Cleveland, D.W., deLapey-
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rie`re, O., Henderson, C.E., Haase, G., and Pettmann, B. (2002). Neu- ent a significant barrier, on a millisecond time scale,
ron 35, this issue, 1067–1083. to lipid exchange between the two membranes during
Yi, F.H., Lautrette, C., Vermot-Desroches, C., Bordessoule, D., Cou- neurotransmitter release. Further, single vesicles typi-
ratier, P., Wijdenes, J., Preud’homme, J.L., and Jauberteau, M.O. cally destained completely, which indicates that the ves-
(2000). J. Neuroimmunol. 109, 211–220. icle kiss lingers for a while, possibly sufficiently long for
Yuan, J., and Yankner, B.A. (2000). Nature 407, 802–809. the kiss to evolve into full-blown fusion of the vesicle
Zhu, S., Stavrovskaya, I.G., Drozda, M., Kim, B.Y., Ona, V., Li, M., and plasma membranes.
Sarang, S., Liu, A.S., Hartley, D.M., Wu, du C., et al. (2002). Nature How did Zenisek et al. make these measurements?
417, 74–78.
To observe single vesicle fusions, they used evanescent
field microscopy (see Figure), a technique in which fluo-
rophores within 100 nm or so of the substrate are excited
by an excitation beam that is totally reflected at the
interface between the substrate and the overlying cell.Synaptic Vesicle Exocytosis:
Another significant factor was the choice of giant synap-Does a Lingering Kiss tic terminals of retinal bipolar neurons as the experimen-
Lead to Fusion? tal preparation. These large, glutamatergic terminals
allow direct voltage-clamp control of the presynaptic
terminal (Heidelberger and Matthews, 1992), which is
important for accurate timing of the trigger for exo-
cytosis. After a small subset of synaptic vesicles wasDirect optical measurements of single synaptic vesi-
labeled with the lipophilic dye FM 1-43, resident vesiclescles undergoing exocytosis at a synapse reveal rapid
at the plasma membrane were triggered to fuse by acti-and complete transfer of membrane marker from the
vating calcium channels with brief depolarizations. Fu-vesicle to the plasma membrane (Zenisek et al., 2002;
sion was indicated by sudden brightening of the dye,this issue of Neuron). Contact between the two mem-
followed by slower lateral diffusion of the dye in thebranes is consistent with free lipid exchange, such as
plane of the membrane, away from the site of fusionmight result from full fusion of the vesicle and plasma
(see Figure). The brightening occurred for two reasons.membranes.
First, the dye moves closer to the substrate, and so to
a more intense portion of the evanescent field, as itDoes a synaptic vesicle release its neurotransmitter con-
diffuses from the vesicle membrane into the plasmatent at the synapse by fully fusing with the plasma mem-
membrane. Second, as detailed in Zenisek et al. (2002),brane, followed by subsequent retrieval of the added
the dye molecules in the planar plasma membrane aremembrane via a separate endocytosis step? Or, does
more uniformly oriented with respect to the polarizationthe vesicle kiss and run, releasing neurotransmitter
of the excitation light than the dye molecules in thethrough a fusion pore that transiently connects the inte-
spherical vesicle membrane.rior of the vesicle to the extracellular space? The debate
In one variant of the kiss-and-run notion, the fusion
over these two fundamentally different views of the exo-
pore is presumed to be formed of proteins, conceptually
cytosis/endocytosis cycle at the synapse has continued
similar to gap junction channels, that span the vesicle
for some 30 years. Lately, the kiss-and-run view seems
and plasma membranes and establish an aqueous pore
to be gaining ground (e.g., Klingauf et al., 1998; Ale´s et through which small molecules can exit the vesicle into
al., 1999; Stevens and Williams, 2000; Verstreken et al., the synaptic cleft during the kiss phase (see Figure,
2002), but a variety of evidence also favors full fusion. [B]). The putative protein pore hinders lipid exchange
It is likely that both can occur, but it is not yet clear between the vesicle and plasma membranes so that the
which is dominant and under what conditions. marker dye in the vesicle membrane can escape only
The durability of the debate reflects in part the diffi- by desorbing from the vesicle membrane—a slow pro-
culty of obtaining direct information about vesicle fusion cess—and exiting through the pore (e.g., Klingauf et al.,
during neurotransmitter release because of the small 1998). By contrast, Zenisek et al. observed that dye left
size of both synaptic vesicles and synaptic terminals. the vesicle and entered the plasma membrane on a time
Consequently, studies of vesicle exocytosis at synapses scale of milliseconds, which requires a direct diffusional
(as distinct from other secretory cells where more direct connection between the two membranes (see Figure,
measurements are feasible) have commonly relied on [C]). However, Zenisek et al. also reported an apprecia-
indirect measures, such as the rate and degree of mac- ble delay, amounting to about 10 ms, between a brief
roscopic destaining of whole terminals labeled with dyes depolarization and the release of dye to the plasma
that leave the vesicle membrane at different rates during membrane.
exocytosis (Klingauf et al., 1998; Stevens and Williams, What transpires during the delay between the onset
2000). With recent technical advances, this situation is of the depolarizing stimulus and the first brightening
changing. For example, in this issue of Neuron, Zenisek indicative of lipid diffusion? Part of the delay may repre-
et al. (2002) have directly viewed the destaining of indi- sent the time required for calcium-dependent steps to
vidual synaptic vesicles at a glutamatergic synaptic ter- trigger exocytosis (Heidelberger et al., 1994), although
minal. Their work shows that marker dye incorporated this is likely to account for only a millisecond or two, at
into the vesicle membrane mixes with the plasma mem- most. Delays from the onset of depolarization to the
brane within milliseconds when exocytosis is triggered opening of calcium channels may add another millisec-
by opening calcium channels. This rapid commingling ond or so, leaving several milliseconds still unaccounted
for. The video imaging system used by Zenisek et al.of lipid demonstrates that the fusion pore does not pres-
